PDMS films of 10 μm thickness can be patterned within 30 min by combining dry etching to achieve substantially vertical sidewalls with wet etching to achieve high etch rates and to protect the underlying substrate from attack. Dry etching alone would have taken 5 h, and wet etching alone would produce severe undercutting. In addition, using either technique alone produces undesirable surface morphologies. The mask used during etching is critical to a successful patterning outcome. E-beam evaporated Al was found to work well, adhering strongly to oxygen-plasma-treated PDMS and holding up well during both dry and wet etching. To prevent wrinkling of the PDMS, a fast deposition rate should be used.
Introduction
Polydimethylsiloxane (PDMS) is an elastomeric material that has good chemical resistance [1] , biocompatibility [2] , as well as ease of processibility [3] , making it one of the widely used materials for microfabrication of devices in a wide spectrum of fields ranging from microfluidics [4] to microelectronics [5] . PDMS is usually patterned by molding or soft lithography [3] . A number of micromolding techniques, such as replica molding [6] , microtransfer molding [7] and micromolding in capillaries [8] , have been used for making PDMS-based microdevices. It would be advantageous in some cases, however, to be able to pattern PDMS not only by molding but also by etching. Unfortunately, both dry [9] and wet [10] etching have thus far given poor results, other than for removal of post-molding PDMS residues [7, 11, 12] .
Dry etching produces substantial surface roughness, making it difficult to produce either smooth-bottomed channels or smooth features etched partway into the PDMS [13] . To produce smooth bottoms, the PDMS needs to be removed right down from the substrate, without etching the substrate. However, the dry etch recipes for PDMS are similar to recipes 1 Author to whom any correspondence should be addressed.
for silicon (Si) and silicon dioxide (SiO 2 ) [10, 14] . Thus, if the PDMS is on a silicon substrate, the plasma will begin to etch the substrate after it etches through the PDMS, propagating the roughness. This can be avoided by using an etch-stop layer such as Al [15] or Au [16] , which adds to process complexity. Another approach to avoiding damage is to use a two-step process: a high etch rate recipe to remove up to the last micron followed by a lower etch rate recipe to remove the final micron. The etch rate is changed by changing the ratio of the two etchant gases, CF 4 and O 2 [16] . The main disadvantage of this two-step process is the long etch time required. For example, the process described in [16] would require ∼5 h to etch a 10 μm thick PDMS film.
Wet etching is also possible, but it results in severe undercutting [10] . Furthermore, wet etching of PDMS can adversely affect the bonding of PDMS to substrates such as glass and to other PDMS layers [12] . Bonding can, however, be restored by following the wet etch with a dry etch protocol.
We required a method of patterning PDMS films on SiO 2 -coated Si substrates in the effort to produce surface micromachined dielectric elastomer actuators, in which the PDMS elastomer is sandwiched between metal electrodes. The PDMS was 10 μm thick and had been spin-coated over Au electrodes on oxidized Si. The etching was therefore required not to attack either SiO 2 or Au. It also needed to completely remove the PDMS from the etched locations with minimal undercutting and without leaving residue. Further, it was necessary to identify a mask material that was compatible with the etch process.
In this paper, we demonstrate a combination of wet and dry etching steps to effectively pattern PDMS on Si or SiO 2 substrates. PDMS films of 10 μm thickness can be patterned within 30 min while retaining a smooth substrate surface.
Experimental details

Sample preparation
Substrates were 4 p-type silicon wafers, some of which had a 1 μm thick layer of thermal oxide and several of which had chromium/gold electrodes (Cr 5 nm thick, Au 100 nm). The wafers were cleaved into quarters. The Au and Cr were deposited by thermal evaporation ( Sylgard 184 (Dow Corning Corp., Midland, MI) base compound and curing agent were mixed in a 20:1 ratio by weight and degassed in a vacuum desiccator for 30 min. The mixture was spun onto the substrates at 1000-5000 rpm for 60 s, and the samples were cured on a hotplate at 95
• C for 40 min. The PDMS surface is smooth but has a thickness variation due to spin coating of up to 1-2 μm.
Unless otherwise noted, aluminum films were used as hard masks for etching the PDMS. The Al was deposited over the PDMS to a thickness of 370-1000 nm by e-beam evaporation (Airco Temescal, 2 × 10 −6 Torr, deposition rates of 3, 20 or 50Å s Scanning electron microscopy (SEM) was performed using a Hitachi SU-70 with a field emission gun at 1 kV. Elemental analysis was performed in the SEM using energy dispersive x-ray spectroscopy (EDS) at 5 kV (Bruker AXS Microanalysis, Ewing, NJ, equipped with a silicon drift detector, SDD, Bruker XFlash).
Thickness was characterized by mechanical profilometry (Dektak 3ST, Veeco Metrology Inc., Santa Barbara, CA). The stylus force was 1 mg. Average surface roughness (S a ) was measured optically with a Polytec Topography Measurement System (TMS-1200 TopMop μLab, Tustin, CA).
Results and discussion
This section is organized as follows. First, results of dry etching alone are presented; second, the results of wet etching alone, and third, the results of combining the two. The last section concerns the qualities required of the hard mask.
Dry etching alone
The structures used in the work described in this section were fabricated as follows. (1) Cr/Au was thermally evaporated, and then patterned by wet etching. (2) PDMS was spin-coated and cured. It was then exposed to an O 2 plasma for 30 s (30 sccm, 150 mTorr, 50 W) so that the next metal layer would adhere. (3) An Al hard mask was deposited by ebeam evaporation and patterned by wet etching. This hard mask overlapped the bottom Au electrode in some regions. (4) The unprotected PDMS was dry etched, and the surface morphology was examined. (5) To examine damage to the underlying substrate, residual etched PDMS was removed with PDMS wet etchant and the masked, unetched PDMS was removed with a razor blade. Figure 1(a) shows the process sequence. Figure 1(b) shows an optical image of the surface after removal of the PDMS.
Dry etching of PDMS was pioneered by Garra et al [10] . The fastest etch rate, 20 μm h −1 , was obtained in a mixture of CF 4 and O 2 at a 3:1 ratio (47 mTorr, 270 W). In CF 4 alone, the etch rate was only 12 μm h −1 , and in O 2 alone, PDMS was not etched.
In our system, using Garra's recipe (CF 4 :O 2 37:13 sccm, 50 mTorr, RF 270 W) resulted in high etch rates (32 μm h −1 ), but also extensive etching of the underlying SiO 2 . The damage was still significant on decreasing the power by half (150 W, etch rate to 18 μm h −1 ), as is evident in the optical images of the sample in figure 1. In figure 1(b) , on the right (appearing green and labeled 2) is the region where the PDMS was protected by the hard mask during etching (and from which the PDMS was subsequently removed). Therefore, the underlying substrate was unetched and appears optically smooth. In region 3, the SiO 2 substrate was exposed to the plasma during the etching cycle and therefore appears rough. Similarly, the gold (region 1) that was exposed to plasma during the etching cycle was also etched, while the portion that was protected by PDMS was smooth.
Optical profilometry showed that the average surface roughness of the etched Au in region 1 was 60 nm, while It should be noted that upon the start of dry etching, after the first 100 s under the conditions used here, the PDMS turned from colorless and transparent to translucent white. This translucence remained the same as etching continued, regardless of etch time. Figure 2 shows typical surface morphologies of dryetched PDMS samples. In figure 2(a) , the smooth, square middle region is the hard mask, with unetched PDMS below it; the surrounding region was etched. Etch products appear to be redeposited over the entire surface. Figures 2(b) and (c) are higher magnification images of the same sample, showing a rippled area and an area covered by structures that have the appearance of shavings.
Another challenge in dry etching PDMS is reliably detecting the end point. This is critical because when the film is etched down by 10 μm, continued etching results in a residual porous layer. The gas permeability of PDMS results in severe substrate attack [16] when the residual layer forms. This porous PDMS could not be removed mechanically using a blade (PDMS peels off smoothly prior to forming the residual layer), nor chemically by using solvents (such as acetone, ethanol, or isopropanol) or wet etchant.
A critical parameter in dry etching PDMS is the time for which the PDMS is etched continuously. A sample with a PDMS thickness of 30 μm was diced into three pieces and dry etched for 300, 600 and 900 s. The samples were then placed into wet etchant to remove the remaining PDMS. It took 18 min to remove the PDMS from the 300 s sample and 30 min for the 600 s sample, but the PDMS on the 900 s sample was still there after 60 min. One would have instead expected the films that were dry etched longer to be removed faster. This indicates that PDMS changes during dry etching. Another indication was that continuously etched PDMS could not be easily removed using a blade and left a sticky residue. This issue can be addressed by performing the dry etching in short-duration steps of 150-200 s, separated by 30-60 s resting periods during which the plasma and gas flow are turned off.
To summarize these results, dry etching alone leads to substantial substrate surface roughness, and it is difficult to determine when the PDMS has been completely removed. The PDMS changes during the dry etch process, most likely due to heating, so it is best to etch it by pulsing, with approximately 150 s on, 30 s off.
Wet etching alone
Wet etching was done in a solution of TBAF in NMP. TBAF etches PDMS and NMP dissolves the etched material [9] . The etch rate was 1.5 μm min −1 . The etchant should be replaced by a fresh solution every 10-15 min to prevent the etch rate from decreasing over time.
Wet etching of PDMS did not proceed uniformly, but yielded a rough surface. Figure 3(a) shows an optical image of a partially etched sample. After etching a 10 μm film down to 2 μm, the peak-to-peak surface roughness was 0.7 μm. Figure 3(b) shows the sample near the end of etching, when the PDMS had been almost completely removed: the remaining PDMS took the form of globular islands. These islands were 400-600 nm high and took longer to remove from the substrate than the PDMS bulk, with the etch rate dropping to 0.3 μm min −1 . Such a drop in etch rates has been reported previously, causing high-aspect-ratio structures to undergo substantial undercutting [10] .
In summary, wet etching gives higher etch rates than dry etching: 1.5 μm min −1 versus 18 μm h −1 , or five times faster, and the wet etchant does not attack Si, SiO 2 or Au. However, wet etching produces higher surface roughness, 0.7 μm compared to 0.2 μm, which eliminates this method from being appropriate for many applications. Furthermore, the etch rate slows near the end point, which leads to undercutting [10] , a particular concern when patterning highaspect-ratio structures.
Combining wet and dry etching
To obtain the advantages of both dry etching (directionality for achieving high-aspect-ratio structures) and wet etching (no surface attack, fast etch rates), we combined the two methods. Figure 4 shows SEM micrographs of a 16 μm thick PDMS film patterned using the combined etching protocol. Figure 4(a) shows the Al hard mask after the Al was patterned but before carrying out any PDMS etching. The smallest features of these structures were below 30 μm, and this technique gave clean edges with negligible undercut.
This method was also used successfully to pattern 10 μm thick PDMS films over Au electrodes on oxidized Si substrates. The PDMS was dry etched to a thickness of 3 μm before wet etching. PDMS patterning was achieved in less than 30 min without affecting the substrate. Care must be taken not to dry etch below 2 μm since this may result in the substrate attack.
Masking
A hard mask is essential for etching PDMS using the combined dry + wet method because photoresist, although it stands up to the dry etching step, is removed by the PDMS wet etchant.
The quality of the hard mask, in terms of its ability to withstand both wet and dry etching conditions, is a critical criterion in choosing the material and the patterning method. This is a matter not only of the materials but also of the deposition method. E-beam evaporated Al of 1 μm thickness stood up longer to the PDMS dry etch environment than thermally evaporated Al, which was eroded within 10 min. Ebeam evaporated Al of only 300-400 nm thickness withstood dry etching for more than 30 min, and also withstood wet etching for more than 30 min.
Another important factor is the effect of the hard mask deposition conditions on the PDMS layer. Severe wrinkles were formed at slow e-beam deposition rates (3-20Å s −1 ) that extended to a depth of 2 μm below the surface. These wrinkles remained permanently on the surface even after removing the Al. Such wrinkles have been seen previously and were attributed to local heating of the surface and formation of additional crosslinks in the PDMS [17, 18] . Figure 5 (a) shows a PDMS film after Al had been deposited over the whole surface, and then removed over half of it using Al wet etchant. The wrinkles could be seen even after dry etching for about 2 μm, as shown in region 1 of figure 5(b). be avoided by using higher deposition rates. At 50Å s −1 , wrinkles formed there only in small patches, and they were shallower (less than 0.5 μm deep).
Cr/Au (5 nm/360 nm) was explored as an alternative hard mask, and this had almost no wrinkles even though it was deposited at a lower deposition rate (Cr 2Å s −1 , Au 15Å s −1 ) than the Al. However, the Au did not perform as well as a hard mask: the surface of the Au blackened within 800 s during PDMS dry etching. If Au is used as a hard mask, a layer of photoresist (Shipley 1813) could be used as a protective overcoat since resist is not etched appreciably under these conditions. In addition, the aluminum adhered better to the PDMS and held up longer than the Cr/Au did during wet etching.
Patterning the metal hard mask can also be challenging. The first challenge is to overcome poor adhesion between the metal and the PDMS. Treating the PDMS with oxygen plasma (150 mTorr, 50 W, 30 s) increased the adhesion sufficiently to allow the successful patterning described in section 3.3. This same treatment was also used to promote adhesion between photoresist and PDMS during lithography. The second challenge is associated with PDMS swelling if it is exposed to acetone or other organic solvents [19] , which causes the metal layer to peel off. In this work, the hard mask was therefore patterned by wet etching rather than by lift-off. Lift-off can, however, be accomplished if the resist is blanket exposed after patterning but prior to metal deposition, and then removed after metal deposition using aqueous developer.
In summary, a hard mask is needed when using the combination of dry and wet etching, but the material, deposition method and deposition conditions must be well chosen so that the mask holds up and wrinkling is avoided. It may be necessary to treat the PDMS prior to mask deposition to promote adhesion, and during patterning of the hard mask organic solvents should be avoided.
Conclusions
We have demonstrated an effective PDMS patterning protocol by combining wet and dry etching of PDMS. This protocol exploits the advantages of the wet and dry etching processes while avoiding their disadvantages. Using this protocol, we have demonstrated that it is possible to pattern PDMS with 10 μm thickness down to sub-100-μm-sized features within 30 min without substrate attack. The concept of this method is to dry etch the PDMS to a thickness of 2-3 μm, producing substantially vertical sidewalls, followed by wet etching to remove the remaining material, which produces a smooth substrate.
A good hard mask is crucial in the successful fabrication of good quality PDMS patterns. E-beam evaporated Al works well for this application. The PDMS surface should be pretreated with an oxygen plasma to improve the adhesion of the mask material, and a high deposition rate should be used to prevent wrinkle formation.
There are several questions that should be answered in future work. The first is whether the dry etch step affects the Young's modulus of the PDMS. It has been reported that the surface of PDMS is stiffened by plasma etching: the surface stiffness was found to be an order of magnitude higher than the bulk after 4 min in oxygen plasma [20] . Second, it is known that wet etching can adversely affect the bonding of PDMS to glass and other materials [12] . Since our fabrication technique ends with a wet etch, if subsequent bonding is required, it may be necessary to follow that with a brief dry etching protocol, as suggested in [12] .
